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The subthalamic nucleus (STN) is a common target for deep brain stimulation (DBS)
treatment in Parkinson’s disease (PD) but much less frequently targeted for other
disorders. Here we report the results of simultaneous local field potential (LFP) recordings
and magnetoencephalography (MEG) in a single patient who was implanted bilaterally in
the STN for the treatment of dystonia induced by chorea-acanthocytosis. Consistent
with the previous results in PD, the dystonia patient showed significant subthalamo-
cortical coherence in the high beta band (28–35 Hz) on both sides localized to the
mesial sensorimotor areas. In addition, on the right side, significant coherence was
found in the theta-alpha band (4–12 Hz) that localized to the medial prefrontal cortex
with the peak in the anterior cingulate gyrus. Comparison of STN power spectra with a
previously reported PD cohort showed increased power in the theta and alpha bands
and decreased power in the low beta band in dystonia which is consistent with most of
the previous studies. The present report extends the range of disorders for which cortico-
subthalamic oscillatory connectivity has been characterized. Our results strengthen the
evidence that at least some of the subthalamo-cortical oscillatory coherent networks are
a feature of the healthy brain, although we do not rule out that coherence magnitude
could be affected by disease.
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INTRODUCTION
Synchronized oscillations are a prevalent phenomenon in neural systems and are hypothesized
to play an important role in communication between different neuronal populations (Friston
et al., 2015). Cortical oscillatory connectivity in the human brain can be studied non-invasively
with electroencephalography (EEG) and magnetoencephalography (MEG; Gross, 2014). However,
activity from subcortical nuclei can only be recorded invasively. Deep brain stimulation (DBS)
surgery provides a unique opportunity to study the subcortical activities by recording local
field potentials (LFPs) from macroelectrodes which are stereotactically targeted with high
precision to specific anatomical structures. DBS is a powerful treatment for Parkinson’s disease
(PD; Limousin et al., 1995), dystonia (Cao et al., 2013) and also for severe obsessive compulsive
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disorder (OCD; Chabardès et al., 2013; Mulders et al., 2016).
The subthalamic nucleus (STN) is the most common DBS target,
primarily used for PD. The internal Globus Pallidus (GPi) is the
primary target for dystonia but it is also used in PD. Thus, while
electrophysiological markers of PD have been well characterized
in both STN and GPi, those of dystonia are mostly known from
GPi recordings. A view consolidated in recent years sees both PD
and dystonia as oscillopathies (Nimmrich et al., 2015), disorders
closely linked to abnormal oscillatory activity in the cortico-
basal ganglia circuits. For dystonia the abnormal activity is in
theta-alpha (4–12 Hz) range (Silberstein et al., 2003); whereas,
for PD the abnormality is in the beta (13–30 Hz) range (Brown
et al., 2001). Several previous studies directly comparing LFP
power spectra between the two disorders reproduced the same
pattern with increased alpha-theta power in dystonia relative to
PD and increased beta power in PD (particularly after withdrawal
of dopaminergic medication) relative to dystonia. This pattern
was observed in both GPi (Silberstein et al., 2003; Wang et al.,
2018; Piña-Fuentes et al., 2019) and STN (Neumann et al.,
2012; Geng et al., 2017). One study (Wang et al., 2016) did not
find clear differences in STN LFP spectra between the dystonia
and PD groups. In the motor cortex, the differences between
dystonia and PD are less pronounced with one study showing
an increase of the peak frequency of alpha and beta oscillations
in PD relative to dystonia (Crowell et al., 2012) and another
study finding increased broadband high gamma activity in PD
but no differences for alpha and beta (Miocinovic et al., 2015).
For both dystonia and PD, the study of abnormal oscillations
can have clinical implications for improvement of DBS targeting
(Yoshida et al., 2010; Horn et al., 2017; Neumann et al., 2017) and
development of brain activity driven closed-loop DBS methods
(Little et al., 2013; Barow et al., 2014; Meidahl et al., 2017; Piña-
Fuentes et al., 2019).
The mechanisms that generate pathological rhythms are
not well understood. The modeling work to date has focused
primarily on the pathological beta in PDwhere several competing
models have been put forward (see Pavlides et al., 2015 for
review). The main unresolved question in modeling work, which
is equally likely to apply to theta-alpha in dystonia, is whether
the pathological synchronization is generated locally in the basal
ganglia or involves abnormal amplification of cortical inputs.
Simultaneous recording of MEG and LFP could potentially make
it possible to distinguish between these theories as it facilitates the
characterization of the interaction between subcortical activity
seen in the LFP and cortical areas whose activity can be recorded
by MEG (Harmsen et al., 2018).
The two published studies of simultaneous MEG and
STN LFP recordings in PD patients at rest (Hirschmann
et al., 2011; Litvak et al., 2011a), both show that the STN is
coherent with the mesial motor areas [likely, the supplementary
motor area (SMA)] in the beta range and with the temporo-
parietal areas and the brainstem in the alpha-theta range.
A study applying similar methods to dystonia patients with GPi
electrodes (Neumann et al., 2015) found beta coherence with the
sensorimotor cortex, theta coherence with the inferior temporal
cortex and alpha coherence with the cerebellum. The latter was
correlated with the degree of clinical impairment.
To determine the relation between these oscillatory coherent
networks and pathophysiology of disease it would be helpful
to compare recordings from the same DBS target for different
neurological disorders. To this end, here we report here an
analysis of STN-cortical coherence in a patient with dystonia.




The study was approved by the local ethics committee
of Ruijin hospital, Shanghai JiaoTong University School of
Medicine. The patient was informed about the aim and the
scope of the study and gave written informed consent. The
patient also consented to the publication of the present case
report. A 34 years old male developed involuntary movements
4 years prior to the surgery and was diagnosed with chorea-
acanthocytosis. Neuroacanthocytosis due to mutations in the
VPS13A gene encoding chorein is an autosomal-recessive
neurodegenerative disorder which is characterized by chorea
and dystonia (Rampoldi et al., 2001). The patient presented
with impairment of fine movements of the upper limbs and
bradykinesia, mainly involving the right limb. In addition, the
patient opened and closed his mouth involuntarily, snorted
intermittently and gradually developed lower limb weakness.
Two years before the surgery, the symptoms of the left limb
gradually became more obvious and difficulty in swallowing and
coughing from drinking water appeared. Blood tests showed red
blood cell count of 5.25 × 1012/L. Some red blood cells varied
in size and had a spiked cell membrane consistent with the
appearance of acanthocytes. Genetic testing revealed a mutation
in the gene VPS13A. The structural magnetic resonance imaging
(MRI) showed lateral ventricle enlargement and putamen and
caudate nucleus atrophy. The patient was not pharmacologically
treated prior to surgery.
Deep Brain Stimulation Operation and
MEG-LFP Recording
Implantation of the quadripolar DBS electrodes (model 3387;
Medtronic, Minneapolis, MN, USA) was performed under
general anesthesia bilaterally using a MRI-guided targeting
(3.0 T, General Electric), which was co-registered with a CT
image (General Electric) with the Leksell stereotactic frame
(Zhan et al., 2018). The electrode leads were externalized for a
week and temporary externally applied stimulation during this
period could partially control the patient’s symptoms particularly
the involuntary movement of the mouth, pronunciation, and
hand movement impairment. We cannot report the results of
long-term follow-up at this stage since the patient was operated
less than a year ago. We also used the externalization period to
record bilateral STN-LFP and whole head MEG simultaneously
while the patient was awake. The MEG was recorded with a
306-channel MEG scanner (Elekta Oy, Helsinki, Finland) in a
magnetically shielded chamber (Euroshield, Eura, Finland). The
EEG system which is integrated with the MEG device was used
for the LFP recording. The patient was instructed to rest with eyes
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open, and the absence of voluntary movement was confirmed
by continuous visual inspection. The raw data were band pass
filtered in 0.03–330 Hz range and digitized at 1,000 Hz. The
DBS electrode had four platinum-iridium cylindrical surfaces
of diameter 1.27 mm, length 1.5 mm and center-to-center
separation 1.5 mm. The contacts were numbered 0–3 from the
ventral to dorsal.
Reconstruction of Electrode Locations in
the STN
We used the Lead-DBS toolbox1 (Horn and Kühn, 2015)
to reconstruct the contact locations. Post-operative CT was
co-registered to pre-operative T1 scan using a two-stage
linear registration (rigid followed by affine) as implemented
in Advanced Normalisation Tools (ANT2; Avants et al.,
2008). The pre-operative T2 scan was linearly co-registered
to pre-operative T1 using SPM12 (Friston et al., 2007). Pre-
(and post-) operative acquisitions were spatially normalized into
MNI_ICBM_2009b_NLIN_ASYM space (Fonov et al., 2011)
using the SyN registration approach in ANT. DBS-Electrodes
were automatically pre-localized in native and template space
using the PaCER algorithm3 (Husch et al., 2018) and then
manually localized based on post-operative acquisitions using
a tool specifically designed for this task (as implemented in
Lead-DBS software, Horn and Kühn, 2015).
Analysis of LFP and MEG
MEG data were pre-processed with the temporal extension
of Signal Space Separation method (Taulu and Simola, 2006)
implemented in the MaxFilter software (Elekta Oy, Helsinki,
Finland). The subsequent analyses were done in SPM124 (Litvak
et al., 2011b) following the procedures described by Litvak et al.
(2010, 2011a). LFP data from contacts located in the STN (see
Figure 1) were converted to bipolar montage which gave one
LFP channel per side. The data were high-pass filtered above
1 Hz and 50 Hz line noise and its harmonics were removed
with notch filters (Butterworth 5th order, zero phase filters).
The data were epoched into 3 s segments. Epochs containing
deflections exceeding 20 µV in the LFP channels were removed
from analysis which left 136 epochs of clean LFP data which was
visually verified.
LFP spectra were computed using multi-taper spectral
estimation method (Thomson, 1982). The power was averaged
across trials, subjected to log-transform and normalized by
subtracting a linear fit to the 55–95 Hz range from the whole
spectrum. The aim of these steps was to be able to compare
the spectra to our previous recordings done on different system
(see below).
Significant cortico-STN coherence was identified by statistical
comparison of scalp-frequency images of coherence in the
1–45 Hz range to surrogate images generated by shuffling the
reference channel across trials. This procedure was described





FIGURE 1 | Localization of electrode contacts. The localization was
performed based on post-operative CT, coregistered to pre-operative
magnetic resonance imaging (MRI). Subthalamic nucleus (STN) and the Red
Nucleus are visualized based on DISTAL atlas (Ewert et al., 2018). The
contacts used for bipolar derivations reported here (2, 3 on the right; 0, 1 on
the left) are highlighted in red.
coherence patterns were source localized for the corresponding
frequency band and reference channel using Dynamic Imaging
of Coherent Sources (DICS) beamforming (Gross et al., 2001)
implemented in the Data Analysis in Source Space (DAiSS)
toolbox for SPM5. This used a single shell forward model (Nolte,
2003) generated based on the patient’s pre-operative T1 using
standard SPM procedures (Mattout et al., 2007).
Comparison to PD Cohort
In order to examine the similarities and differences in STN
spectra between the patient reported here and previously studied
PD patients, we compared the results to those from a cohort
previously reported by Litvak et al. (2011a). All the patients
reported in the article were included except for patient 3 who was
not responsive to dopaminergic medication.
RESULTS
The top two contacts (2 and 3) of the right electrode were
localized inside the right STN; the bottom two contacts (0 and
1) of the left electrode were localized inside the left STN
(Figure 1). The sensor level analysis revealed three significant
clusters of coherence. We only report the frequency bands
obtained from the sensor-level analysis here and Figure 2 shows
the corresponding source localizations. On the right side, two
clusters were identified. The first cluster was in the theta-alpha
band (4–12 Hz, Figure 2A) and localized to the deep frontal
medial areas with the peak in the anterior cingulate cortex. The
second cluster was in the beta band (28–35 Hz, Figure 2B)
and localized to the ipsilateral pre-motor and motor cortices. A
similar single beta cluster was found for the left STN channel with
the same significant frequency range (Figure 2C) and localization
to the corresponding areas on the left side.
Comparison of LFP power spectra to the previous PD cohort
showed higher alpha-theta power for the dystonia patient and
much lower power in the low beta range when compared
5https://github.com/spm/daiss
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FIGURE 2 | Beamformer localization of significant coherent clusters. The
frequency bands for each local field potentials (LFPs) channel were
determined based on sensor-level test (see “Materials and Methods” section).
Dynamic Imaging of Coherent Sources (DICS) coherence beamformer (Gross
et al., 2001) was used for source analysis. For visualization purposes, the
beamformer images were converted to Z-score across voxels, thresholded
above 2.5 and overlaid on the patient’s pre-operative T1 structural. Panel (A)
shows localization of theta-alpha (4–12 Hz) coherence with the right STN.
Panels (B,C) show localization of high beta (28–35 Hz) coherence with the
right and left STN, respectively.
to both ON and OFF dopamine states in PD (Figure 3).
There was a distinct peak in power in the high beta band
corresponding to the range of significant coherence between
STN and the cortex which exceeded the mean values in this
range for PD. In order to determine whether there were any
significant differences between the dystonia patient and the
PD cohort, we performed two sample t-tests between the two
hemispheres of the dystonia patient and 22 hemispheres of the
PD patients OFF drug assuming equal variance for power spectra
averaged in pre-defined bands (shown in color in Figure 3). For
theta (4–7 Hz) and alpha (7–13 Hz) the results were close to
significance (MPD = 1.15, Mdyst = 2.45, SD = 0.88, t = −2.01,
p = 0.057 and MPD = 1.12, Mdyst = 2.07, SD = 0.64, t = −2.01,
p = 0.058 respectively) but without correction for multiple testing
across bands. For low beta (13–22 Hz) and high beta (22–35 Hz)
the differences were not significant (MPD = 1.2, Mdyst = 0.68,
SD = 0.66, t = 1.07, p = 0.29 and MPD = 0.96, Mdyst = 0.66,
SD = 0.6, t = 0.68, p = 0.5, respectively).
DISCUSSION
The present case report reproduces some of the previous
findings regarding abnormal low-frequency oscillatory activity in
FIGURE 3 | Comparison of STN power spectra of the dystonia patient with
the previously reported Parkinson’s disease (PD) cohort (Litvak et al., 2011a).
Log power was normalized by subtracting a linear fit to the spectrum in the
55–95 Hz range. The shaded error bars denote 95% confidence intervals for
the mean of PD spectra. The background color shows the standard
electrophysiological frequency bands: theta (yellow, 4–7 Hz), alpha (green,
7–13 Hz), low beta (purple, 13–22 Hz) and high beta (pink, 22–35 Hz). The
dystonia patient showed increased power in theta and alpha bands and
reduced power in low beta (see “Results” section for details).
dystonia and adds to the range of conditions for which cortico-
subthalamic interactions have been studied with concurrent
LFP-MEG recordings. It is now possible to discuss the
commonalities and differences between PD (Hirschmann et al.,
2011; Litvak et al., 2011a), OCD (Wojtecki et al., 2017)
and dystonia. This gives a larger degree of confidence when
speculating about the expected patterns of connectivity in
the healthy state which cannot be assessed with invasive
recording techniques.
LFP Power Spectra
The features of LFP power spectra we found are consistent with
the majority of previous studies. Geng et al. (2017) reported a
direct group comparison of STN LFP in dystonia and PD and
their findings were very similar to ours: increased low-frequency
power and reduced beta power in dystonia compared to PD.
Neumann et al. (2012) report similar results for a single case.
However, Wang et al. (2016), did not find significant differences
between the two patient populations. Low-frequency activity has
been shown to be a hallmark of dystonia in several studies of DBS
patients with recordings in the GPi (Barow et al., 2014; Neumann
et al., 2017). Furthermore, low-frequency power increase in
the STN LFP was associated with induction of dyskinesia by
dopaminergic drugs in PD (Alonso-Frech et al., 2006). Thus,
it could be the case that this feature is associated with the
symptom of hyperkinetic movements rather than a particular
disease. Silberstein et al. (2003) compared pallidal LFP recorded
intraoperatively between PD and dystonia and found exactly the
same pattern as reported here: the 4–10 Hz power is highest in
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dystonia, intermediate in PD on medication and lowest in PD
off medication; 11–30 Hz power is highest in PD off medication,
intermediate in PD on medication and lowest in dystonia. Low
beta power has been demonstrated as a robust biomarker of
clinical impairment induced by PD, particularly bradykinesia
and rigidity. The symptoms of the patient reported here included
right limb bradykinesia. However, the low beta power in the
contralateral (left) STN was below that of the ipsilateral side.
We, therefore, suggest that bradykinesia in dystonia might not
necessarily be associated with increased low beta power in the
STN. The left STN did show increased high beta power compared
to the right STN but that was largely above the frequency range
where beta power is increased in PD patients. High-beta power
increase in the GPi was recently linked to hyperkinetic symptoms
in Huntington’s disease (Zhu et al., 2018) so beta activity could
also be related to the patient’s choreatic mouth movements. In
order to determine whether and how high beta power increase
is related to disease symptoms, observations in more patients
are necessary.
Coherence in Dystonia, OCD and PD
Coherence in the high beta band (22–35 Hz) is common to
all the studies of cortico-subthalamic interactions published to
date (Lalo et al., 2008; Hirschmann et al., 2011; Litvak et al.,
2011a; Oswal et al., 2016; Wojtecki et al., 2017; Belardinelli et al.,
2019). In all the MEG studies where source localization was
possible the cortical coherent sources localized to the ipsilateral
mesial sensorimotor areas. These findings are also in line
with simultaneous intraoperative cortical surface and STN LFP
recordings (Whitmer et al., 2012). The cortical areas consistently
shown as being coherent with the STN LFP in this band
correspond well to those where the hyperdirect cortico-STN
pathway is known to originate in humans (Lambert et al., 2012).
The fact that high beta coherence is present in all the three
clinical conditions: PD, dystonia and OCD suggests that it is
likely to be present also in the healthy state. Whether and how
the magnitude of high beta coherence is affected by disease is still
an open question.
Our finding of theta-alpha coherence between the STN and
anterior cingulate is very similar to the finding in OCD reported
by Wojtecki et al. (2017). The frequency range of this coherence
overlaps with that of theta-alpha power increase compared to the
PD cohort. The two phenomena could, therefore, be related. Low
frequency coherence between the STN and medial prefrontal
cortex has been the subject of a number of recent studies where
it has been shown to be involved in adjustment of decision
thresholds for high conflict trials during decision-making tasks
(Zavala et al., 2014, 2016, 2018; Herz et al., 2017; Hell et al., 2018;
Kelley et al., 2018). Interestingly, despite the fact that all these
studies were done on PD patients with STN-DBS, low-frequency
coherence between the STN and medial prefrontal cortex was
not observed at rest in PD (Hirschmann et al., 2011; Litvak
et al., 2011a) and instead both studies reported coherence with
temporo-parietal areas in the same band with Litvak et al. also
reporting additional peak in the brainstem. There could be
several possible explanations for these discrepancies. It could
be the case that they reflect the differences between the three
disorders. In that case, it would be likely that STN-prefrontal
resting coherence is suppressed in PD because it is present in
both OCD and dystonia. Alternatively, the differences could
be due to different placement of the electrodes in the STN.
This nucleus is commonly divided into motor, associative and
limbic part which have different connectivity with the cortex
(Lambert et al., 2012).
Limitations of the Study
To put the results of the single case recording reported here in
context, we compare them to those from the previously reported
PD patient cohort. However, it should be noted that those
recordings were done using a different LFP amplifier. Although
the spectra were normalized to minimize any contribution of
the hardware differences and the results are in line with what
could be expected, a comparison of LFPs recorded with the
same hardware would, of course, be preferable. It would also be
interesting to compare the coherence magnitude of the dystonia
patient with the PD cohort but comparing the typical coherence
values for patients from our cohort recorded on a CTF MEG
systemwith those reported in the PD literature for the Neuromag
system (Hirschmann et al., 2011, 2013) raised a suspicion that
there is a systematic difference with Neuromag yielding lower
values. We, therefore, opted to not include such a comparison
in the present report as it could be misleading. Unfortunately,
PD patients with STN electrodes are not available at our site for
clinical reasons.
CONCLUSION
The present report extends the range of disorders for which
cortico-subthalamic oscillatory connectivity has been studied.
Our results support the suggestion that oscillatory coherent
networks are not solely features of disease. However, whether
these networks are affected by the disease and whether their
modulation is causally related to disease pathophysiology
remains an open question.
ETHICS STATEMENT
The study was approved by the local ethics committee of Ruijin
hospital, Shanghai JiaoTong University, School of Medicine. The
patient was informed about the aim and the scope of the study
and gave written informed consent. The patient also consented
to the publication of the present case report.
AUTHOR CONTRIBUTIONS
PH and TW did the MEG recording and collected clinical data.
YW and HL recorded performed clinical video recordings. BS,
SZ, WL, DL and YP performed the DBS surgery. CC and VL
analyzed the data and wrote the article.
FUNDING
This work was supported by NSCF (Grant No. 81571346;
National Natural Science Foundation of China). The Wellcome
Frontiers in Human Neuroscience | www.frontiersin.org 5 May 2019 | Volume 13 | Article 163
Cao et al. Cortico-subthalamic Coherence in Dystonia
Centre for Human Neuroimaging is supported by core
funding from the Wellcome Trust (203147/Z/16/Z). UK MEG
community is supported by UK MEG Partnership award from
the Medical Research Council (MR/K005464/1).
ACKNOWLEDGMENTS
We would like to thank Dr Simon Farmer for his careful reading
of the revised manuscript.
REFERENCES
Alonso-Frech, F., Zamarbide, I., Alegre, M., Rodríguez-Oroz, M. C., Guridi, J.,
Manrique, M., et al. (2006). Slow oscillatory activity and levodopa-
induced dyskinesias in Parkinson’s disease. Brain 129, 1748–1757.
doi: 10.1093/brain/awl103
Avants, B. B., Epstein, C. L., Grossman, M., and Gee, J. C. (2008). Symmetric
diffeomorphic image registration with cross-correlation: evaluating automated
labeling of elderly and neurodegenerative brain. Med. Image Anal. 12, 26–41.
doi: 10.1016/j.media.2007.06.004
Barow, E., Neumann, W.-J., Brücke, C., Huebl, J., Horn, A., Brown, P.,
et al. (2014). Deep brain stimulation suppresses pallidal low frequency
activity in patients with phasic dystonic movements. Brain 137, 3012–3024.
doi: 10.1093/brain/awu258
Belardinelli, P., Azodi-Avval, R., Ortiz, E., Naros, G., Grimm, F., Weiss, D.,
et al. (2019). Intraoperative localization of spatially and spectrally distinct
resting-state networks in Parkinson’s disease. J. Neurosurg. doi: 10.3171/2018.
11.jns181684 [Epub ahead of print].
Brown, P., Oliviero, A., Mazzone, P., Insola, A., Tonali, P., and Di
Lazzaro, V. (2001). Dopamine dependency of oscillations between subthalamic
nucleus and pallidum in Parkinson’s disease. J. Neurosci. 21, 1033–1038.
doi: 10.1523/JNEUROSCI.21-03-01033.2001
Cao, C., Pan, Y., Li, D., Zhan, S., Zhang, J., and Sun, B. (2013). Subthalamus deep
brain stimulation for primary dystonia patients: a long-term follow-up study.
Mov. Disord. 28, 1877–1882. doi: 10.1002/mds.25586
Chabardès, S., Polosan,M., Krack, P., Bastin, J., Krainik, A., David, O., et al. (2013).
Deep brain stimulation for obsessive-compulsive disorder: subthalamic nucleus
target.World Neurosurg. 80, S31.e1–S31.e8. doi: 10.1016/j.wneu.2012.03.010
Crowell, A. L., Ryapolova-Webb, E. S., Ostrem, J. L., Galifianakis, N. B.,
Shimamoto, S., Lim, D. A., et al. (2012). Oscillations in sensorimotor cortex
in movement disorders: an electrocorticography study. Brain 135, 615–630.
doi: 10.1093/brain/awr332
Ewert, S., Plettig, P., Li, N., Chakravarty, M. M., Collins, D. L., Herrington, T. M.,
et al. (2018). Toward defining deep brain stimulation targets in MNI space:
a subcortical atlas based on multimodal MRI, histology and structural
connectivity.Neuroimage 170, 271–282. doi: 10.1016/j.neuroimage.2017.05.015
Fonov, V., Evans, A. C., Botteron, K., Almli, C. R., McKinstry, R. C., Collins, D. L.,
et al. (2011). Unbiased average age-appropriate atlases for pediatric studies.
Neuroimage 54, 313–327. doi: 10.1016/j.neuroimage.2010.07.033
Friston, K. J., Ashburner, J., Kiebel, S., Nichols, T., and Penny, W. D. (2007).
Statistical Parametric Mapping: The Analysis of Funtional Brain Images.
Elsevier: Academic Press.
Friston, K. J., Bastos, A. M., Pinotsis, D., and Litvak, V. (2015). LFP
and oscillations—what do they tell us? Curr. Opin. Neurobiol. 31, 1–6.
doi: 10.1016/j.conb.2014.05.004
Geng, X., Zhang, J., Jiang, Y., Ashkan, K., Foltynie, T., Limousin, P., et al. (2017).
Comparison of oscillatory activity in subthalamic nucleus in Parkinson’s
disease and dystonia. Neurobiol. Dis. 98, 100–107. doi: 10.1016/j.nbd.2016.
12.006
Gross, J. (2014). Analytical methods and experimental approaches for
electrophysiological studies of brain oscillations. J. Neurosci. Methods
228, 57–66. doi: 10.1016/j.jneumeth.2014.03.007
Gross, J., Kujala, J., Hamalainen, M., Timmermann, L., Schnitzler, A., and
Salmelin, R. (2001). Dynamic imaging of coherent sources: studying neural
interactions in the human brain. Proc. Natl. Acad. Sci. U S A 98, 694–699.
doi: 10.1073/pnas.98.2.694
Harmsen, I. E., Rowland, N. C., Wennberg, R. A., and Lozano, A. M.
(2018). Characterizing the effects of deep brain stimulation with
magnetoencephalography: a review. Brain Stimul. 11, 481–491. doi: 10.1016/j.
brs.2017.12.016
Hell, F., Taylor, P. C. J., Mehrkens, J. H., and Bötzel, K. (2018). Subthalamic
stimulation, oscillatory activity and connectivity reveal functional role of STN
and network mechanisms during decision making under conflict. Neuroimage
171, 222–233. doi: 10.1016/j.neuroimage.2018.01.001
Herz, D. M., Tan, H., Brittain, J.-S., Fischer, P., Cheeran, B., Green, A. L., et al.
(2017). Distinct mechanisms mediate speed-accuracy adjustments in cortico-
subthalamic networks. Elife 6:e21481. doi: 10.7554/elife.21481
Hirschmann, J., Özkurt, T. E., Butz,M., Homburger,M., Elben, S., Hartmann, C. J.,
et al. (2011). Distinct oscillatory STN-cortical loops revealed by simultaneous
MEG and local field potential recordings in patients with Parkinson’s
disease. Neuroimage 55, 1159–1168. doi: 10.1016/j.neuroimage.2010.
11.063
Hirschmann, J., Özkurt, T. E., Butz,M., Homburger,M., Elben, S., Hartmann, C. J.,
et al. (2013). Differential modulation of STN-cortical and cortico-muscular
coherence by movement and levodopa in Parkinson’s disease. Neuroimage 68,
203–213. doi: 10.1016/j.neuroimage.2012.11.036
Horn, A., and Kühn, A. A. (2015). Lead-DBS: a toolbox for deep brain
stimulation electrode localizations and visualizations. Neuroimage 107,
127–135. doi: 10.1016/j.neuroimage.2014.12.002
Horn, A., Neumann, W.-J., Degen, K., Schneider, G.-H., and Kühn, A. A. (2017).
Toward an electrophysiological ‘‘sweet spot’’ for deep brain stimulation in the
subthalamic nucleus. Hum. Brain Mapp. 38, 3377–3390. doi: 10.1002/hbm.
23594
Husch, A., V Petersen, M., Gemmar, P., Goncalves, J., and Hertel, F. (2018).
PaCER—a fully automated method for electrode trajectory and contact
reconstruction in deep brain stimulation. Neuroimage Clin. 17, 80–89.
doi: 10.1016/j.nicl.2017.10.004
Kelley, R., Flouty, O., Emmons, E. B., Kim, Y., Kingyon, J., Wessel, J. R., et al.
(2018). A human prefrontal-subthalamic circuit for cognitive control. Brain
141, 205–216. doi: 10.1093/brain/awx300
Lalo, E., Thobois, S., Sharott, A., Polo, G., Mertens, P., Pogosyan, A., et al.
(2008). Patterns of bidirectional communication between cortex and basal
ganglia during movement in patients with Parkinson disease. J. Neurosci. 28,
3008–3016. doi: 10.1523/JNEUROSCI.5295-07.2008
Lambert, C., Zrinzo, L., Nagy, Z., Lutti, A., Hariz, M., Foltynie, T., et al. (2012).
Confirmation of functional zones within the human subthalamic nucleus:
patterns of connectivity and sub-parcellation using diffusion weighted imaging.
Neuroimage 60, 83–94. doi: 10.1016/j.neuroimage.2011.11.082
Limousin, P., Pollak, P., Benazzouz, A., Hoffmann, D., Le Bas, J. F., Broussolle, E.,
et al. (1995). Effect of parkinsonian signs and symptoms of bilateral
subthalamic nucleus stimulation. Lancet 345, 91–95. doi: 10.1016/s0140-
6736(95)90062-4
Little, S., Pogosyan, A., Neal, S., Zavala, B., Zrinzo, L., Hariz, M., et al. (2013).
Adaptive deep brain stimulation in advanced Parkinson disease. Ann. Neurol.
74, 449–457. doi: 10.1002/ana.23951
Litvak, V., Eusebio, A., Jha, A., Oostenveld, R., Barnes, G. R., Penny, W. D., et al.
(2010). Optimized beamforming for simultaneous MEG and intracranial local
field potential recordings in deep brain stimulation patients. Neuroimage 50,
1578–1588. doi: 10.1016/j.neuroimage.2009.12.115
Litvak, V., Jha, A., Eusebio, A., Oostenveld, R., Foltynie, T., Limousin, P., et al.
(2011a). Resting oscillatory cortico-subthalamic connectivity in patients with
Parkinson’s disease. Brain 134, 359–374. doi: 10.1093/brain/awq332
Litvak, V., Mattout, J., Kiebel, S., Phillips, C., Henson, R., Kilner, J., et al. (2011b).
EEG and MEG data analysis in SPM8. Comput. Intell. Neurosci. 2011:852961.
doi: 10.1155/2011/852961
Mattout, J., Henson, R. N., and Friston, K. J. (2007). Canonical source
reconstruction for MEG. Comput. Intell. Neurosci. 2007:67613.
doi: 10.1155/2007/67613
Meidahl, A. C., Tinkhauser, G., Herz, D. M., Cagnan, H., Debarros, J., and
Brown, P. (2017). Adaptive deep brain stimulation for movement disorders:
the long road to clinical therapy. Mov. Disord. 32, 810–819. doi: 10.1002/mds.
27022
Miocinovic, S., de Hemptinne, C., Qasim, S., Ostrem, J. L., and Starr, P. A.
(2015). Patterns of cortical synchronization in isolated dystonia compared
Frontiers in Human Neuroscience | www.frontiersin.org 6 May 2019 | Volume 13 | Article 163
Cao et al. Cortico-subthalamic Coherence in Dystonia
with Parkinson disease. JAMANeurol. 72, 1244–1251. doi: 10.1001/jamaneurol.
2015.2561
Mulders, A. E. P., Plantinga, B. R., Schruers, K., Duits, A., Janssen, M. L. F.,
Ackermans, L., et al. (2016). Deep brain stimulation of the subthalamic nucleus
in obsessive-compulsive disorder: neuroanatomical and pathophysiological
considerations. Eur. Neuropsychopharmacol. 26, 1909–1919. doi: 10.1016/j.
euroneuro.2016.10.011
Neumann, W.-J., Huebl, J., Brücke, C., Ruiz, M. H., Kupsch, A.,
Schneider, G.-H. H., et al. (2012). Enhanced low-frequency oscillatory
activity of the subthalamic nucleus in a patient with dystonia.Mov. Disord. 27,
1063–1066. doi: 10.1002/mds.25078
Neumann, W.-J., Horn, A., Ewert, S., Huebl, J., Brücke, C., Slentz, C., et al.
(2017). A localized pallidal physiomarker in cervical dystonia. Ann. Neurol. 82,
912–924. doi: 10.1002/ana.25095
Neumann, W.-J., Jha, A., Bock, A., Huebl, J., Horn, A., Schneider, G.-H., et al.
(2015). Cortico-pallidal oscillatory connectivity in patients with dystonia. Brain
138, 1894–1906. doi: 10.1093/brain/awv109
Nimmrich, V., Draguhn, A., and Axmacher, N. (2015). Neuronal network
oscillations in neurodegenerative diseases. Neuromolecular Med. 17, 270–284.
doi: 10.1007/s12017-015-8355-9
Nolte, G. (2003). The magnetic lead field theorem in the quasi-static
approximation and its use for magnetoencephalography forward calculation in
realistic volume conductors. Phys. Med. Biol. 48, 3637–3652. doi: 10.1088/0031-
9155/48/22/002
Oswal, A., Beudel, M., Zrinzo, L., Limousin, P., Hariz, M., Foltynie, T., et al. (2016).
Deep brain stimulation modulates synchrony within spatially and spectrally
distinct resting state networks in Parkinson’s disease. Brain 139, 1482–1496.
doi: 10.1093/brain/aww048
Pavlides, A., Hogan, S. J., and Bogacz, R. (2015). Computational models describing
possiblemechanisms for generation of excessive beta oscillations in Parkinson’s
disease. PLoS Comput. Biol. 11:e1004609. doi: 10.1371/journal.pcbi.
1004609
Piña-Fuentes, D., van Zijl, J. C., van Dijk, J. M. C., Little, S., Tinkhauser, G.,
Oterdoom, D. L. M., et al. (2019). The characteristics of pallidal low-frequency
and beta bursts could help implementing adaptive brain stimulation in the
parkinsonian and dystonic internal globus pallidus. Neurobiol. Dis. 121, 47–57.
doi: 10.1016/j.nbd.2018.09.014
Rampoldi, L., Dobson-Stone, C., Rubio, J. P., Danek, A., Chalmers, R. M.,
Wood, N. W., et al. (2001). A conserved sorting-associated protein is mutant
in chorea-acanthocytosis. Nat. Genet. 28, 119–120. doi: 10.1038/88821
Silberstein, P., Kühn, A. A., Kupsch, A., Trottenberg, T., Krauss, J. K.,
Wöhrle, J. C., et al. (2003). Patterning of globus pallidus local field potentials
differs between Parkinson’s disease and dystonia. Brain 126, 2597–2608.
doi: 10.1093/brain/awg267
Taulu, S., and Simola, J. (2006). Spatiotemporal signal space separation method
for rejecting nearby interference in MEG measurements. Phys. Med. Biol. 51,
1759–1768. doi: 10.1088/0031-9155/51/7/008
Thomson, D. J. (1982). Spectrum estimation and harmonic analysis. Proc. IEEE 70,
1055–1096. doi: 10.1109/proc.1982.12433
Wang, D. D., de Hemptinne, C., Miocinovic, S., Ostrem, J. L., Galifianakis, N. B.,
San Luciano, M., et al. (2018). Pallidal deep-brain stimulation disrupts pallidal
beta oscillations and coherence with primary motor cortex in Parkinson’s
disease. J. Neurosci. 38, 4556–4568. doi: 10.1523/JNEUROSCI.0431-18.2018
Wang, D. D., de Hemptinne, C., Miocinovic, S., Qasim, S. E., Miller, A. M.,
Ostrem, J. L., et al. (2016). Subthalamic local field potentials in Parkinson’s
disease and isolated dystonia: an evaluation of potential biomarkers.Neurobiol.
Dis. 89, 213–222. doi: 10.1016/j.nbd.2016.02.015
Whitmer, D., de Solages, C., Hill, B., Yu, H., Henderson, J. M., and Bronte-
Stewart, H. (2012). High frequency deep brain stimulation attenuates
subthalamic and cortical rhythms in Parkinson’s disease. Front. Hum. Neurosci.
6:155. doi: 10.3389/fnhum.2012.00155
Wojtecki, L., Hirschmann, J., Elben, S., Boschheidgen, M., Trenado, C., Vesper, J.,
et al. (2017). Oscillatory coupling of the subthalamic nucleus in obsessive
compulsive disorder. Brain 140:e56. doi: 10.1093/brain/awx164
Yoshida, F., Martinez-Torres, I., Pogosyan, A., Holl, E., Petersen, E., Chen, C. C.,
et al. (2010). Value of subthalamic nucleus local field potentials recordings in
predicting stimulation parameters for deep brain stimulation in Parkinson’s
disease. J. Neurol. Neurosurg. Psychiatry 81, 885–889. doi: 10.1136/jnnp.2009.
190918
Zavala, B., Jang, A., Trotta, M., Lungu, C. I., Brown, P., and Zaghloul, K. A.
(2018). Cognitive control involves theta power within trials and beta power
across trials in the prefrontal-subthalamic network. Brain 141, 3361–3376.
doi: 10.1093/brain/awy266
Zavala, B., Tan, H., Ashkan, K., Foltynie, T., Limousin, P., Zrinzo, L., et al. (2016).
Human subthalamic nucleus-medial frontal cortex theta phase coherence is
involved in conflict and error related cortical monitoring. Neuroimage 137,
178–187. doi: 10.1016/j.neuroimage.2016.05.031
Zavala, B. A., Tan, H., Little, S., Ashkan, K., Hariz, M., Foltynie, T.,
et al. (2014). Midline frontal cortex low-frequency activity drives
subthalamic nucleus oscillations during conflict. J. Neurosci. 34, 7322–7333.
doi: 10.1523/JNEUROSCI.1169-14.2014
Zhan, S., Sun, F., Pan, Y., Liu, W., Huang, P., Cao, C., et al. (2018). Bilateral
deep brain stimulation of the subthalamic nucleus in primaryMeige syndrome.
J. Neurosurg. 128, 897–902. doi: 10.3171/2016.12.jns16383
Zhu, G., Geng, X., Tan, Z., Chen, Y., Zhang, R., Wang, X., et al. (2018).
Characteristics of globus pallidus internus local field potentials in hyperkinetic
disease. Front. Neurol. 9:934. doi: 10.3389/fneur.2018.00934
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
The reviewer AM declared a shared affiliation, though no other collaboration, with
one of the authors VL to the handling Editor.
Copyright © 2019 Cao, Huang, Wang, Zhan, Liu, Pan, Wu, Li, Sun, Li and Litvak.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
Frontiers in Human Neuroscience | www.frontiersin.org 7 May 2019 | Volume 13 | Article 163
